Background: In the last year we have been exploring the effect of the explicit inclusion of nonlocality in (d,p) reactions.
I. INTRODUCTION
Transfer reactions are of great interest to nuclear structure and nuclear astrophysics, as a means to probe the properties of nuclei and their reactions. Deuteron induced transfer reactions play a prominent role in our field and are particularly attractive from the theoretical perspective due to the controlled number of channels in the reactions mechanism. Even though deuteron induced single nucleon transfer has been used in our field for several decades, there are still aspects concerning the reaction theory that deserve attention.
Recently we have studied the effects of nonlocality in the optical potentials on (d,p) reactions [1] [2] [3] . In [1, 2] we focused on nonlocality in the proton channel, namely in the neutron bound state and the proton scattering state. We found that the effects were significant, reducing the magnitude of the wave function in the nuclear interior. For the bound state, due to the normalization condition, the reduction of the magnitude in the nuclear interior resulted in an increase of the asymptotic tail. As a consequence, in general, nonlocality in the bound state and the scattering state produced effects of opposite sign, an increase in the cross section due to the bound state and a decrease due to the scattering state. We found the overall effect to be mostly dominated by the bound state but strongly dependent on the beam energy. In all cases nonlocality was found to be significant.
The original study [1] used the Perey and Buck nonlocal potential [4] . The study was repeated for 40 Ca(d,p) reactions [2] using the dispersive optical potential [5] . The comparison between results obtained with the Perey and Buck interaction and the DOM interaction demonstrated that, although the magnitude of the effects can be optical potential dependent, they are always significant and need to be carefully considered in the analysis of deuteron induced reactions.
More recently [3] we have generalized the adiabatic wave approximation [6] to include nonlocal interactions. This enabled the inclusion of nonlocality in the deuteron channel, when studying (d,p) reactions. Our systematic study of (d,p) reactions [3] shows that the effects of nonlocality in the entrance channel are weaker for lighter systems, but can become very important for reactions on heavy targets. In [3] we have also investigated the effective method of including nonlocality through an energy shift [7] .
Proton transfer (d,n) reactions are an important complementary tool to the neutron transfer (d,p) in studying nuclear structure. These provide important insight into the proton orbitals in the nucleus. These reactions are also pursued for astrophysical reasons. At the energies of astrophysical interest, proton capture rates are unfeasibly low and (d,n) reactions provide a good indirect tool to access the same information (e.g. [8] ).
The (d,n) reactions are experimentally more demanding than (d,p) reactions given the challenges with the detection of the neutron. Stable beam facilities have carried out a few (d,n) studies throughout the last few decades (e.g. [9, 10] ). In addition, nowadays there is a renewed interest in (d,n) due to the exciting opportunities brought with rare isotope experiments in inverse kinematics. This is demonstrated by the new detector developments that are ongoing in various labs (e.g. LENDA [11] , VANDLE [12] ) but also by the number of (d,n) experiments approved in various PACs (National Superconducting Cyclotron Laboratory alone has 3 such experiments in the books). The angular distributions of the outgoing neutron provide angular momentum information on the state populated and are an essential element in the standard analysis. In some recent cases, the challenge of neutron detection has been circumvented by measuring the γ-rays arXiv:1606.07344v1 [nucl-th] 23 Jun 2016 [8] , with excellent energy resolution. Then no angular distributions can be extracted, only total cross sections.
On the theoretical side, the same methods that are applicable to (d,p) can usually be immediately applied to (d,n). However the sensitivities to the model space and input parameters are generally not the same. The Faddeev method [13] has recently been applied to (d,n) [14] . As pointed out in that work, (d,n) represented different challenges to (d,p), particularly concerning the handling of the Coulomb through screening. In [14] only light targets were considered and the aim was mostly to establish whether the Faddeev method could indeed reproduce the existing (d,n) data.
This work follows naturally from our previous studies [1] [2] [3] . Here we concentrate on the effects of nonlocality in (d,n) reactions, using both the distorted wave Born approximation and the adiabatic wave approximation. We summarize briefly the ingredients necessary for the calculation of the cross section in Section II. Next 
II. THEORY AND INPUTS
The theory used in our current studies is covered in detail in [1, 3] . Here we just highlight the various ingredients necessary and the relevant inputs used.
The (d,n) transfer cross section is obtained through the calculation of the T-matrix [15] . The exact T-matrix for the A(d, n)B reaction can be written in the post form as:
where φ pA is the proton-target bound state, and χ
nB is the neutron scattering state in the exit channel distorted by U * nB . The initial state Ψ (+) is the full three-body solution describing the d + A relative motion. The transition operator is dominated by the NN interaction and the additional operator ∆ = U nA − U nB has a negligible contribution to the cross section for all cases considered here, with the exception of the lightest target. In this work, we study the effects of the inclusion of nonlocality in the potentials U nA , U pA and U nB .
We will first start by focusing on the effects of nonlocality in the final state, which can be done in the distorted wave Born approximation (DWBA). In the standard formulation of DWBA, the exact three-body initial deuteron state is replaced by the elastic channel:
Here φ d is the deuteron ground state wave function and χ el corresponds to the solution of an optical model equation with a deuteron optical potential usually fitted to deuteron elastic scattering.
Secondly we will include nonlocality in the entrance channel, for this purpose we will use the finite range ADWA of [3] . In that method, the T-matrix for the transfer process looks like:
where φ 0 is proportional to the deuteron bound state wave function and χ ad is the scattering solution of a single channel nonlocal equation, where the distorting potential is an adiabatic potential derived from a threebody model for the reaction, and includes deuteron breakup to all orders (see [3] for more details). The inputs to our calculations are completely consistent with the calculations in [1] for the DWBA calculations and with [3] for the ADWA calculations. This is important as part of the aim of this study is the comparison between (d,p) and (d,n) in what concerns nonlocality. As in [1, 3] , the local interactions for investigating the role of nonlocality are obtained by imposing specific physical constraints. As such, the local interactions reproduce the same elastic scattering as the Perey and Buck interaction, and the local interaction used for the bound states have the same geometry as the real part of the Perey and Buck interaction and reproduce the same binding energy.
III. RESULTS

A. Nonlocality in the final bound and scattering states
When considering nonlocality in (d,n) as compared to (d,p) it is important to realize that the final state has in general different quantum numbers, and the transferred nucleon has a different separation energy. In Table I we ( , j) , the separation energy S p/n , the ANC for the bound states produced with the local interaction C loc and the nonlocal interaction C nloc , and the percent difference between the square of the nonlocal and local ANCs, relative to the nonlocal ∆(C 2 ).
present the detail of the final proton state for the various reactions to be studied and compare its properties to those neutron states populated in the corresponding (d,p) reaction [1] . We note that in all our calculations we assume a pure single particle structure for the proton states, with spectroscopic factor S = 1. Because the reactions we are considering are mostly peripheral, we also look at the single particle asymptotic normalization coefficient (ANC) of the tail of the wave function, as defined in [15] . One of the important differences between (d,n) and (d,p) reactions is the role of the Coulomb force in the bound state. This aspect, combined with differences in the angular momentum, can change considerably the effect that nonlocality has on the tail of the wave function due to the normalization condition. In Table I we show, for all the single-particle states considered in this study, the ANC obtained when the local interaction is used, the ANC when the nonlocal interaction is used, and the percentage difference between the square of the ANC for the nonlocal interaction and the square of the ANC obtained when the local interaction is used, relative to the nonlocal. For the heavier systems, the percentage difference in the squares of the ANCs is larger for the proton single-particle states than in the neutron single-particle states. The strong Coulomb concentrates the probability at shorter distances, and therefore enhances the effect of nonlocality.
We found in all (d,n) cases studied that the effect of nonlocality in the scattering state was much weaker than that on the bound states. The differences on the scattering state are in all similar to those described in [1] , namely a reduction of the amplitude in the interior region. As we will demonstrate in the following section, it is the bound state properties that dominate the effect of nonlocality in the (d,n) cross sections.
B. Transfer cross sections
We first consider the effects of nonlocality in the exit channel, within DWBA, as done in [1] . Figs. 1 and 2 are an illustration of the effects obtained. In these figures we show the results when including nonlocality only in the exit channel (solid black line) and compare it with the corresponding local calculation (red dashed line). As in previous studies, nonlocality has a marked effect not only on the magnitude of the cross section but also on the shape. Overall, nonlocality in the final state increases the cross section, an effect that is more pronounced at lower energies. This effect is completely justified by the larger ANC C nloc as compared to C loc (see Table I ).
We then also include nonlocality in the entrance channel, within ADWA, as done in [3] . Figs. 1 and 2 also contain the ADWA results: the green dot-dashed line includes nonlocality consistently in the entrance and exit channel and the blue dotted line is the corresponding ADWA local result. Again, nonlocality affects both shape and magnitude of the differential cross sections. The effect of nonlocality in the deuteron channel is particularly strong for the heavier targets, consistent with the result from [3] . As observed in [3] , our (d,n) results using the first order DWBA can differ significantly from the distributions predicted within ADWA. This demonstrates the importance of including deuteron breakup explicitly in the reaction mechanism.
In Figs. 1(b) and 2(a) we show the results of calculations at slightly different energies than those in our systematic study for the purpose of comparison to data from [9] and [10] respectively. The insets of these Figs. show the theoretical distributions normalized to the data at the peak, to better compare the angular dependences. Because the Perey and Buck potential, created in the sixties, was only fit to two data sets, it is not expected that it will do well reproducing the magnitude and details of the experimental angular distribution for a wide range of targets and energies. Nevertheless, as seen in Figs. 1(b) and 2(a), both DWBA and ADWA provide a reasonable qualitative description of the process. Note that it is not the purpose of this work to analyse this data and extract structure information, but rather to unveil the effects on the transfer cross section of using nonlocal optical potentials, instead of the typical local potentials. So far, interpretation of data is done with local potentials, e.g. [8] .
In Fig. 2(a) DWBA provides a better descripion of the data than ADWA. This may be due to the assumption in ADWA that the excitation energy of the deuteron is small compared to the beam energy. For a detailed quantitative description of 208 Pb(d,n) 209 Bi at 25 MeV, one should use a model that includes deuteron breakup to all orders without making the adiabatic approximation, such a the Faddeev method. Currently, Faddeev calculations for heavy target are not feasible. However, since in both DWBA and ADWA nonlocality effects are large, we expect that it will also hold true for more advanced reaction theories.
To quantify the nonlocal effects, we have summarized in Tables II,III ,IV, and V the percentage difference obtained at the peak of the cross section when nonlocality is included relative to the corresponding calculations when only local interactions are used: TABLE III: Effects of nonlocality in (d,n) at 50 MeV within DWBA: percent differences of the cross section at the peak of the angular distributions including nonlocality relative to the cross section at the peak of the distribution when only local interactions are used: including nonlocality only in the bound state (bound), including nonlocaltity only in the scattering state (scatt) and including nonlocality in both states (total).
Focusing first on the effects seen within DWBA, it is clear that most of the effects we found are due to the effect of nonlocality in the bound state. This very strong sensitivity is largest for the lowest energy, as one would expect given that at 20 MeV the reaction is more peripheral. These large differences in the cross sections would mostly disappear if the ANC were constrained in our calculations. At higher energies, the magnitude of the nonlocal effect is the same as for the (d,p) reactions: up to 30 %.
We next turn to the calculations within ADWA. As seen in previous studies, the effects of nonlocality in the deuteron channel can be important, but effects appear to be less important in (d,n) than in (d,p). The effects in the entrance channel can cancel the effects in the exit channel. We find that, while at 20 MeV the overall effect can be very large (nearly a factor of 2), at the higher energy, the percentage difference only goes up to ≈ 20 %. The total percentage differences in ADWA are in general smaller than those found in DWBA, particularly for the heavier targets, underlining the importance of consistently including nonlocality in the deuteron channel.
Because the final state in most reactions in our systematic study is not the same in (d,p) and (d,n), we performed additional test-studies, whereby both reactions TABLE V: Effects of nonlocality in (d,n) at 50 MeV within ADWA: percent differences of the cross section at the peak of the angular distributions including nonlocality relative to the cross section at the peak of the distribution when only local interactions are used: including nonlocality only in the entrance channel (entrance), including nonlocality only in the exit channel (exit) and including nonlocality in both (total).
populated the same final state and had the same separation energy. The conclusions from these additional calculations are clear: it is the Coulomb force in the final bound state that introduces the large differences we found in the magnitude of the nonlocal effects. The effects of nonlocality in the nucleon and deuteron scattering states are in all similar in (d,p) and (d,n). However, the additional repulsive barrier caused by the Coulomb in bound-proton final state, produces a larger sensitivity to nonlocality. Constrains on the ANC of the final bound state would very much reduce the large dependences found.
IV. SUMMARY AND CONCLUSIONS
In this work we explore the effects of nonlocality in (d,n) reactions. Our systematic study includes (d,n) re- [1, 3] we use the nonlocal interaction, namely Perey and Buck [4] , and impose the same physical constrains in generating the local interactions. For the scattering, NA interaction, a local phase equivalent potential was obtained by fitting the elastic scattering generated from the corresponding nonlocal potential. The local and nonlocal bound states reproduced the same experimental binding energies. Effects of nonlocality are determined by comparing the transfer cross sections using the nonlocal optical potentials and the phase equivalent local interactions.
Just as in the (d,p) case, DWBA calculations show that nonlocality in the final bound state increased the cross sections for (d,n), while nonlocality in the final scattering state, reduces those cross sections. However the effect of the final bound state is much larger than that of the scattering state, and therefore overall cross sections are increased due to nonlocality. This increase is substantially larger in (d,n) than in (d,p) because the presence of the Coulomb interaction in the bound state increases its sensitivity to nonlocality. This is the most marked difference between (d,n) and (d,p).
For the ADWA results, nonlocality in the deuteron channel is insignificant for light targets but can have a substantial effect on the cross section for intermediate mass and heavy targets (just as we observed in the (d,p) case). It is also very dependent on the particular characteristics of the final state being populated. The interplay of the effects of nonlocality in the entrance and the exit channel produce a total percentage difference at the peak of the angular distributions that can go up to a factor of two for the lower energy, while it is around 20% for the higher energy case.
Given the very strong effect of nonlocality on the asymptotic normalization coefficient for proton bound states, it is important that future analyses of (d,n) be performed under a physical constrain on the ANC, which may come from another peripheral reaction measurement.
